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Abstract 
One of the major technological issues for CO2 injection is the long-term behavior of the cement-based materials used to ensure 
the overall sealing performance of the storage wells. When water is present, the CO2 injected can react chemically with the 
cement (i.e. carbonation). The objectives of our experimental program are to assess the kinetics and phenomenology of the 
changes that occur in class-G Portland cements exposed to CO2-enriched aqueous fluids at 8 MPa and two different temperatures 
(90°C and 140°C). The experimental program presented in this paper consists of two carbonation tests (static tests) and a coupled 
chemo-mechanical test (dynamic test) which were performed on similar class-G cement and similar CO2-rich water. The main 
preliminary results show a carbonation front progressing from the fluid-sample interface towards the sample centre. The front 
moves faster at 140°C than 90°C because of the different carbonation process involved at this higher temperature. The results of 
a coupled chemo-mechanical test with injection of CO2-saturated water show that the CO2 flow rate in the cement rapidly 
decreases, finally resulting in carbonation clogging of the cement sample. They seem consistent with reported field observations. 
 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
When CO2 is injected into a well, the well’s integrity becomes a concern due to the acidic environment CO2 
creates when in contact with water. 
Well cementing is devoted to providing long-term zonal isolation and to protecting the casing that supports the 
wellbore. Long-term durability of the cement-based materials is therefore of paramount importance in this operation 
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to guarantee the tightness of these wells. The cement sheath has to ensure adequate containment of the injected CO2 
in a specific geological layer (e.g. depleted reservoir). 
Cement can be damaged by aggressive environments: (i) failure under mechanical stresses that can induce cracks 
(ii) chemical degradation in acidic environments that can alter cement properties.  
The available papers and discussions in conferences show that many experimental setups have been developed to 
gain greater understanding of the behavior of oil well cements under severe conditions, with respect to chemical 
attack by CO2. Feedback from their results diverges regarding the CO2’s reaction with cement [1]. So Total decided 
to launch a research program directed at characterizing the long-term behavior of Portland cement in a CO2 
environment. Portland cement (class G or H) was selected as it has been the cement most commonly used by the Oil 
& Gas industry in well construction for decades. The ongoing research program is focused on two objectives: (i) to 
assess the risk of injecting CO2 in fields connected to old wells cemented with Portland cement, and (ii) to evaluate 
the relevance for the industry today of using Portland cement as the base component of most composite cements 
when drilling new wells in fields where CO2 is already present or will be injected. 
2. Strategy 
The experimental program is devoted to oil well cement behavior at high temperature and pressure conditions 
with the aim of improving knowledge concerning its long-term behavior in the presence of acid gases, and in terms 
of phenomenology, reaction kinetics and evolution of the cement’s properties. The strategy implemented includes 
different sets of experimental tests (Table 1). 
The experimental tests and lab characterization methods have to be suitable to qualify the long-term zonal 
isolation of cement sheaths in downhole conditions in the presence of CO2, including time effects (long-term and 
accelerated tests). This paper focuses on static and dynamic tests, which are the most advanced. 
 
What kind of test? Why? What type of characterization? 
- Neat class-G cement curing (> 1 
month) 
- Class G + silica flour: short- (≈ 1 
week) and long-time curing (> 1 
month) 
Ensure reproducibility, quality control 
(homogeneity) 
Assess the impact of the curing time 
on initial cement properties 
Slurry: rheology, stability 
Hardened material: X-ray tomography 
Static carbonation tests  Assess phenomenology and the 
kinetics of damaging processes 
 
Damaging front progression; X-ray tomography 
Chemical evolution (sample and leachants) 
Mechanical properties (micro-hardness, triaxial 
test, UCS) 
Transport properties (Porosity, Permeability) 
Dynamic tests (coupled chemo-
mechanical test, CO2-rich aqueous 
fluids flux in cement samples under 
triaxial stresses) 
Assess mechanical and transport 
properties 
Mechanical properties: evolution of deformation 
with time (creep test: time-dependent behavior ) 
Transport properties : flowrate, permeability) 
Characterization tests on 
completely carbonated cement 
samples [2] [3], and completely 
lixiviated samples  
Assess the mechanical and transport 
properties of completely carbonated 
cement samples and completely 
lixiviated samples 
Chemistry: chemical analyses, mineralogy, SEM 
Mechanics: triaxial tests, time dependent – creep 
– tests 
Table 1: Experimental strategy of the research program – Ongoing lab experiments 
3. Materials and Methods 
3.1. Material: Sample Preparation and Control 
Portland cement was prepared with the usual additives in compliance with ISO/API specifications. The first 
material used is neat class-G cement; the second is class-G cement with addition of silica flour (35% bwoc). Adding 
silica flour produces secondary hydrates by pozzolanic reaction with the lime resulting from primary 
hydration (SiO 2+ Ca(OH)2→C–S–H), thereby avoiding strength retrogression during the hardening period due 
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to the formation of α-C2SH at 140°C [4] [5] [6]. With the help of a carefully followed QA/QC program, 
homogeneous samples were selected for the test. 
 
The cement slurries were cured for more than 28 days under different conditions: the neat class-G cement at 90°C 
and at atmospheric pressure (for static and dynamic tests at 90°C); the class G + silica flour cement at 140°C and 
20.7 MPa (3000 psi) for the first 10 days, then at 90°C and at atmospheric pressure (for the carbonation test at 
140°C). The curing conditions used for the class-G + silica flour cement represent a cement sheath rapidly exposed 
to CO2 after well drilling. The dimensions of the cement samples used for the static tests were: diameter = 20 mm, 
height = 40 mm. The dimensions of the cement sample used for the dynamic test were: diameter = 25 mm, height = 
50 mm. In order to obtain a 1-D progression of the reaction front during the static tests, the cylindrical surface of the 
samples was protected by PEEK (polyetheretherketone). 
3.2. Method: Experimental Setup for Static Tests 
Batch experiments were carried out in steel reactors under static conditions. Two sets of experiments were 
performed over a period of three months with supercritical CO2 pressurized at 8 MPa (1160 psi). One type of cement 
was used for each temperature:  
 Test #1: neat class-G cement at 90°C (194° F); 
 Test #2: class-G cement with 35% bwoc silica flour at 140°C (284°F). 
 
The experimental setup was the same for static tests #1 and #2. Cement samples were positioned 4 by 4 on a 3-
tier sample-holder (Figure 1). The sample-holder is placed in a glass beaker filled with distilled water at 90°C. The 
glass beaker is placed in the cell preheated at 90°C. The samples are fully immersed in the water (Figure 1) which is 
in contact with the CO2 at 8 MPa. They are exposed for only a few seconds to air when removed from the cells and 
placed in storage flask for characterization. 
 
 
Figure 1: Schematic of a cell used for static experiments (left) and dynamic test (right) 
The cell is closed and CO2 is gradually injected into it at 8 MPa (about 15 psi/min) and regulated at the selected 
temperatures: 90°C or 140°C (at a rate of 2°C / minute for Test #2, no temperature increase for Test #1).  
The CO2 concentration in aqueous solution can be estimated from literature: CO2 solubility in pure water is about 
0.7 mol.kg-1 H2O at 90°C (Test #1) and about 0.6 mol.kg
-1 H2O at 140°C (Test #2) [7]. The CO2-saturated aqueous 
solution thus formed reacts with the cement samples. Due to the dissolution of CO2 in the water and the chemical 
reactions with the samples, the CO2 pressure has to be regularly adjusted during both tests to maintain it at 8 MPa. 
Throughout the tests, CO2 pressure and temperature are recorded. No variation in temperature was observed during 
exposure of the samples to CO2. For each test, two cement samples are removed from the cell at different points in 
Glass beaker 
Tube 
Samples 
Distilled water 
Heating resistance 
regulation at 90°C or 
140°C
Supercritical CO2 at 90°C or 
140°C and 80 bar  
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time. They are weighed and characterized by X-ray tomography. At the end of each carbonation period in both tests, 
the fluid in the glass beaker is collected for complete chemical analysis and replaced by fresh distilled water at 90°C 
to ensure that the aggressiveness of the solutions is kept high throughout the duration of the tests. 
3.3. Method: Experimental Setup for the Dynamic Tests 
A specific dynamic test was performed to simultaneously apply chemical and mechanical stresses on a sample. 
The objective is to assess the impact of these stresses on the transport and mechanical properties of an oil well 
cement at selected downhole conditions and in the presence of CO2. 
 
The dynamic test (Figure 1) was conducted for 12 days with a hydrostatic stress phase followed by a deviatoric 
stress phase. Initial conditions were: temperature = 90°C; injection pressure Pi = 2.5 MPa; confining stress σ3= 3 
MPa; axial stress σ1= 3.5 MPa during hydrostatic phase and 6 MPa during deviatoric phase (deviatoric stress σ1- σ3 
= 3 MPa). Neutral (lime-saturated) water was injected initially into the sample, followed by CO2-saturated water. 
4. Results 
4.1. Static Tests 
4.1.1. X-Ray Tomography and Mass Variation 
 
Figure 2 shows, for Test #1 and Test #2, the X-ray density in planar sections crossing the centre of each sample at 
different times. Two zones with different X-ray density are visible in the samples: the initial (“un-reacted”) cement 
and the modified (“reacted”) cement. The modified material has higher X-ray density than the initial cement. Thus, 
X-ray tomography images (Figure 2) show a progression of the carbonation front from the outer surface to the centre 
of the samples over the duration of the test. At the end of the experiment, the entire sample has reacted at 140°C.  
 
The increase in X-ray density is accompanied by an increase in mass of 8% after 3 months of exposure at 90°C 
(Test #1), and 14% at 140°C (Test #2). The lateral protection (PEEK) is partly effective at 90°C, and ineffective at 
140°C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Sagittal sections obtained by XR tomography on samples taken at different times in Test #1 (top) and Test #2 (bottom). The gray scale 
(Hounsfield scale) represents XR density scale 
Before test
7 days 36 days 65 days
Hounsf ield scale: 1100                          2600
Test #1
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(140°C)
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Additional analyses of the X-ray tomography data highlight the initial observations; moreover, the bulk X-ray 
density rises as time of exposure increases.  
 
SEM observations by BSE (Back Scattered Electrons) images (see example after 12 days of experimentation at 
140°C Figure 3) show the presence of three different zones in the sample: an inner zone of initial cement, then a 
carbonated zone and finally a thin zone characterized by higher-porosity material close to the sample surface. These 
layers are too thin to be seen by X-ray tomography. 
 
 
 
Figure 3: SEM image (BSE) of a carbonated cement sample after 12 days of experimentation, during Test #2 (140°C) 
4.1.2. Kinetics of the Reaction Front’s Progress 
 
Figure 4 shows the position of the carbonation front in the samples at different times (measured from X-ray 
tomography images, on the basis of visual contrasts in gray levels). The reaction front progresses linearly with the 
square root of time for Test #1 at 90°C. This corresponds to an average kinetics of the reaction front of about 
9.6 mm.yr-1/2. 
 
 
Figure 4: Thickness of carbonated cement as a function of time for Test #1: 90°C and Test #2: 140°C 
In the same way as for Test #1, the position of the carbonation front was measured (Figure 4) in the samples after 
different durations of Test #2 (at 140°C on class-G cement + 35% bwoc silica flour). The carbonation thickness 
increases linearly with time: the kinetics of the carbonation process is about 73 mm.year-1. 
4.1.3. Chemical Analyses of the Leachant 
 
Calcium released in the CO2-rich solution by each cement sample, after 3 months, is about 50 mg at 90°C, and 
460 mg at 140°C.  
 
For Test #1 at 90°C, considering an initial CaO content of about 50% in the neat class-G cement, the samples 
lose about 0.8% of calcium after 3 months of testing, which is low compared to other degradation processes in 
natural fluids [8], or pure water ([Kamali et al. [9] showed that the leached calcium after the same experimentation 
time is two orders of magnitude higher in the presence of pure water).  
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For Test #2, the initial CaO content in class-G cement + 35% is about 39% and the cement samples lose about 
8.8% of calcium after 3 months of testing at 140°C.  
These results indicate that the main cement degradation process involved during these tests is not calcium 
leaching, but internal calcium carbonate precipitation, namely carbonation. The more porous outer layer, visible 
only in the SEM images of Figure 3, may explain the greater calcium quantities released during Test #2 at 140°C, 
compared to the test at 90°C. 
 
4.1.4. Mineralogical Analyses of the Cement Samples carbonated at 140°C 
 
In order to assess the evolution of carbonate content over time, thermogravimetric analyses (TGA) were 
performed on an initial sample (sample before Test #2) and on the carbonated samples at different times. The results 
indicate that the initial sample contains no calcium carbonate (CaCO3), while the most carbonated sample (obtained 
after 3 months) contain about 55 wt% (in the outer part of the samples) of calcium carbonate. X-ray diffraction 
analyses show that the carbonated zones are composed chiefly of aragonite and calcite. 
Mineralogical and chemical analyses on cement carbonated at 90°C are underway (chemical analyses will be 
performed with ICP-AES: Inductively Coupled Plasma-Atomic Emission Spectrometry). 
 
4.2. Dynamic Test 
Figure 5 shows the evolution of the parameters during the dynamic test, the sample’s axial deformation (ε1) and 
the total volume of CO2-rich water injected. It appears from the main results that adding CO2 to the water injected 
throughout the mechanically stressed cement has no significant impact on deformation of the cement (no change in 
the strain rate is observed). Simply, compaction was observed, as expected, due to the increase in deviatoric stress. 
No change in the cement’s mechanical properties was measured during CO2-rich water injection. The permeability 
(K) measured during the (4-day) hydrostatic phase is 1.9x10-3 mDarcy and decreases during the deviatoric phase to 
1.6 x10-3 mDarcy (Figure 14). After 10 days of the experiment, at the start of CO2-rich water injection, the flow rate 
decreases and permeability can no longer be measured.  
 
The decrease in permeability, and ultimate clogging of the sample, is explained by the reaction of a thin layer of 
cement where the CO2-rich water is injected, whereas most of the sample is not impacted by the injected fluid.  
 
Figure 5: Evolution of parameters and sample response through to clogging: σ1 and σ3 stresses, injection pressure (pi), axial deformation (ε1) and 
injected volume 
6 MPa
3 MPa
2.5 MPa
Hydrostatic stress Deviatoric stress
Perm:
1.9·10-18 m²
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1.6·10-18 m²
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Mineralogical and microstructural analyses show that, for the sample area directly exposed to injection of the 
aggressive fluid, the thickness of the carbonated material is very low: 300 μm, measured with a phenolphthalein test.  
5. Discussions on Main Results 
For both static tests, CO2(g) dissolves in water according to: CO2(g)+2OH-(aq) → CO32-(aq)+H2O. Contact 
between CO2-rich water and cement modifies the equilibrium between cement hydrates and the pore solution [12]. 
This induces dissolution of the hydrate phases followed by internal precipitation of calcium carbonates, in a process 
that is known as carbonation.  
 
For the cement used in Test #1 (neat class-G cement), the carbonation mainly involves reactions with portlandite, 
followed by precipitation of calcium carbonate according to reaction 1 below: 
  
Ca(OH)2(s)+ CO3
2-(aq) → CaCO3(s)+H2O(aq).       Equation (1) 
 
The kinetics of carbonation was observed to be proportional to the square root of time, which implies that cement 
carbonation in this case is governed by diffusion processes [10] [11]. 
 
For the Portland cement with addition of 35% bwoc silica flour (Test #2), the reacted zone resulted from the 
reactions between CO2(aq) and calcium silicate hydrates, also named C-S-H (portlandite Ca(OH)2 is absent in this 
material), according to reaction 2 [12]: 
 
Cx-Sy-Hz + xH2CO3 → xCaCO3 + ySiO2.tH2O + (x-t+z)H2O     Equation (2) 
 
X-ray tomography results showed that the kinetics of carbonation is proportional to time throughout the duration 
of the experiment; it can therefore be limited by chemical reaction kinetics. 
 
The carbonated front moves faster (and deeper) at 140°C than at 90°C. The difference may stem from the 
mineralogical nature of the hydrates that react with the dissolved CO2, their proportion and microstructural 
assemblage [13] (e.g. no portlandite in the cement with silica used for Test #2). Shen et al. [14] showed that for neat 
class-G cement, calcium carbonate CaCO3 formed from Ca(OH)2 can appreciably reduce the cement’s transport 
properties by volume expansion (and ultimately limits the carbonation process). Conversely, for class-G cement 
with silica flour, the reaction of C-S-H with CO2 results in a reduction of solid matrix volume despite precipitation 
of calcium carbonate. These conclusions may explain the differences observed between the two carbonation tests 
presented in this paper: a drastic decrease in the transport processes of the material in Test #1, while precipitation of 
calcium carbonate does not affect the transport processes for Test #2, allowing continuous carbonation of the 
samples.  
 
The results of the coupled chemo-mechanical (“dynamic”) test are consistent with observations made by Carey et 
al. [15] who showed that in situ cement sheath samples remained unaltered by CO2 attack after 30 years of CO2 
injection. The steep decrease in cement permeability still confers protection against significant movement of CO2 
through the cement matrix. 
6. Conclusions and Prospects 
The static carbonation tests on neat class-G cement at 90°C and class G with silica flour at 140°C resulted in 
partial or total carbonation of the samples (for the experimental conditions described in this paper). Class-G oil well 
cement is thus reactive when exposed to carbonic acid under downhole conditions. However, the behavior is 
different for each material: the carbonation front’s progression is controlled by diffusion for neat class-G cement 
(the front evolves linearly with the square root of time), while it is limited by reaction kinetics for class G + silica 
flour cement (the carbonation front evolves linearly with time). 
In addition to the static tests assessing the phenomenology and kinetics of carbonation, dynamic tests were 
performed to assess the evolution of the mechanical and transport properties of oil well cements in selected 
downhole conditions in the presence of CO2. The initial results of the first tests (still running) show that the cement 
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sheath is not mechanically damaged and is still able to fulfill its main function of ensuring the confinement of CO2 
in the target reservoir (by decreasing its transport properties).  
From the preliminary results, in most cases, the cement matrix reaction in CO2 environments does not appear to 
be the driving phenomenon for loss of well integrity; mechanically induced damage to the cement sheaths (hydro 
frac, micro-annulus, etc.) and brine lixiviation may give greater cause for concern. 
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